Intestinal inflammation is frequently associated with an alteration of the gut microbiota, termed dysbiosis, which is characterized by a reduced abundance of obligate anaerobic bacteria and an expansion of Proteobacteria such as commensal E. coli. The mechanisms enabling the outgrowth of Proteobacteria during inflammation are incompletely understood. Metagenomic sequencing revealed bacterial formate oxidation and aerobic respiration to be overrepresented metabolic pathways in a chemically-induced murine model of colitis. Dysbiosis was accompanied by increased formate levels in the gut lumen. Formate was of microbial origin since no formate was detected in germ-free mice. Complementary studies using commensal E. coli strains as model organisms indicated that formate dehydrogenase and terminal oxidase genes provided a fitness advantage in murine models of colitis. In vivo, formate served as electron donor in conjunction with oxygen as the terminal electron acceptor. This work identifies bacterial formate oxidation and oxygen respiration as metabolic signatures for inflammation-associated dysbiosis.
INTRODUCTION
The most abundant bacterial populations of the gut microbiota are obligate anaerobic bacteria belonging to the phyla Bacteroides (class Bacteroidia) and Firmicutes (class Clostridia), while members of the phyla Actinobacteria, Fusobacteria, Verrucomicrobia, and facultative anaerobic Proteobacteria typically constitute minor populations in healthy adults. In the large intestine, bacterial communities compete for limiting carbon and energy sources, mostly complex polysaccharides of dietary or host origin (reviewed in (Cockburn and Koropatkin, 2016; Fischbach and Sonnenburg, 2011; Flint et al., 2012; Koropatkin et al., 2012; Martens et al., 2014) ). The ability to efficiently degrade and ferment a variety of complex polysaccharides is a major driving force for microbial colonization of the gut lumen (Eilam et al., 2014) . Changes in the host's diet can lead to alterations of composition of the gut microbiota, however these changes are limited to the species level and the overall dominance of obligate anaerobic bacteria over facultative anaerobes is conserved (Faith et al., 2011; Sonnenburg et al., 2010; Sonnenburg and Backhed, 2016; Wu et al., 2011) .
In contrast, intestinal inflammation is accompanied by disruption of the gut microbiota composition (dysbiosis). A common feature of bacterial dysbiosis is an expansion of the population of Proteobacteria, in particular members of the Enterobacteriaceae family (reviewed in (Shin et al., 2015; Winter et al., 2013a)) . On a population level, this phenomenon was first noted in patients with inflammatory bowel disease (IBD) (Baumgart et al., 2007; Frank et al., 2007; Giaffer et al., 1991; Seksik et al., 2003) . Similar observations were made in patients with HIV enteropathy (Vujkovic-Cvijin et al., 2013) , parasitic infections (Raetz et al., 2013) , animal models of intestinal inflammation (Lupp et al., 2007) , and animal models of infection with enteric pathogens (Stecher et al., 2007) . The complexity of the gut microbiota and the close association between mucosal inflammation and dysbiosis have been major impediments for investigating the mechanisms underlying the phylum-level changes in microbiota composition during episodes of inflammation. Here, we performed a metagenomic analysis on microbial community changes in response to inflammatory insults to determine which bacterial metabolic pathways could provide a fitness advantage during inflammatory conditions. To assess functional consequences, metagenomic analysis was complemented by a reductionist approach focusing on bacterial model organisms. Our data suggest that formate oxidation and respiration are important pathways contributing to the outgrowth of Enterobacteriaceae in the inflamed intestinal tract.
RESULTS

Metagenomic sequencing of the gut microbiota reveals changes in the metabolic landscape in the lumen of the inflamed intestine
We performed metagenomic shotgun sequencing on the native cecal microbiota in a chemically-induced murine model of colitis (dextran sulfate sodium [DSS]-induced colitis; Fig. S1A ). Induction of inflammation was accompanied by changes in the composition of the microbial community ( Fig. 1A and B) , as predicted by the lowest common ancestor algorithm using the NCBI database (MEGAN5) (Huson et al., 2007) . A relative expansion of the phyla Proteobacteria (in particular, Alphaproteobacteria and members of the Enterobacteriaceae family members), Deferribacteres (Mucispirillum sp.), and Verrucomicrobia/Chlamydia (Verrucomicrobiaceae family) was noted, consistent with previous observations (Berry et al., 2012; Lupp et al., 2007; Nagalingam et al., 2011) . We next analyzed the potential metabolic functions encoded by the microbiome using the SEED classification ( Fig. 1C and S2 , complete dataset deposited at the European Nucleotide Archive, accession number PRJEB15095). Application of the Analysis of Similarity algorithm to a Bray Curtis dissimilarity matrix revealed a significant change in the overall genetic content of microbial communities in homeostatic and inflammatory conditions (R = 0.428, P = 0.008). Notably, an increased abundance of genes encoding for components of the electron transport chain, such as respiratory dehydrogenases, terminal oxidases, and terminal reductases, was associated with DSS-induced inflammation (Fig. 1C, S1F and S2).
Contribution of molybdopterin cofactor-dependent processes to fitness of Enterobacteriaceae in the murine gut
To investigate the mechanisms that drive the expansion of the Enterobacteriaceae population during bouts of inflammation, we focused on E. coli as a model organism. Experimental introduction of the human commensal E. coli strain Nissle 1917 (EcN) by orogastric gavage resulted in low levels of intestinal colonization in the absence of inflammation ( Fig. 2A -C and S3A-E). Administration of DSS was accompanied by weight loss and acute inflammation of the large intestine ( Fig. 2A and S3A -E). To study the metabolic pathways that promote fitness of E. coli under inflammatory conditions, we introduced EcN after the onset of disease, i.e. after four days of DSS treatment ( Fig. S1B and S3A ). Several enzymes identified in the metagemomic analysis including nitrate reductases, trimethylamine N-oxide (TMAO) reductases, and formate dehydrogenases contain a molybdopterin cofactor (MoCo) in their active site (reviewed in (Cheng and Weiner, 2007; Cole and Richardson, 2008; Leimkuhler and Iobbi-Nivol, 2016; Magalon and Mendel, 2008; ). To determine the contribution of MoCo-dependent enzymes to gut colonization, groups of mice were intragastrically inoculated with the EcN wild-type strain (WT) or an isogenic mutant defective for the biosynthesis of the MoCo (ΔmoaA mutant). Five days after inoculation the bacterial load in the large intestinal content was determined by plating on selective media ( Fig. 2B and C) . The EcN WT robustly colonized the large intestine while the ΔmoaA mutant was recovered in significantly lower numbers (42-fold in the colon; 64-fold in the cecum).
To explore whether MoCo-dependent enzymes might enhance fitness of members of the Enterobacteriaceae family, we analyzed three murine commensals. E. coli SL1, K. oxytoca CG57, and E. cloacae CG36 were originally isolated from our mouse colony. Deletion of the moaA gene abolished activity of the MoCo-dependent nitrate reductases (Fig. S3F) . Groups of DSS-treated mice were orogastrically inoculated with an equal mixture of the respective WT and an isogenic ΔmoaA mutant (competitive fitness assay; Fig. S1B ). After five days, the bacterial load in the colon and cecum content was determined and the ratio of the two populations calculated (competitive index) ( Fig. 2D and S3G) . The murine E. coli, K. oxytoca, and E. cloacae WT strains outcompeted the isogenic moaA mutants in the DSS colitis model. Similarly, the WT of the human commensal EcN outcompeted an isogenic ΔmoaA mutant (Fig. 2D, 3A , S3G and S4A). In contrast, the EcN WT and the ΔmoaA mutant displayed equal fitness in the absence of inflammation (Fig. 3A and S4A) , consistent with our previous findings (Winter et al., 2013b) . Collectively, these experiments demonstrate that MoCo biosynthesis is required for full fitness of Enterobacteriaceae family members in the inflamed gut but is dispensable for growth under homeostatic conditions.
Contribution of anaerobic respiratory pathways to E. coli growth in the intestinal tract
We have recently shown that inflammation-derived nitrate promotes growth of E. coli through anaerobic nitrate respiration (Winter et al., 2013b) . Accordingly, an EcN mutant lacking all three nitrate reductases (ΔnarG ΔnarZ ΔnapA mutant; NR mutant) is outcompeted by the EcN WT in the DSS colitis model (6-fold) (Fig. 3A and S4A) . Intriguingly, the phenotype of the nitrate reductase-deficient mutant was significantly smaller than the phenotype of the ΔmoaA mutant (6.3-fold vs. 31-fold), raising the possibility that other MoCo-dependent enzymes might contribute to growth of E. coli in the inflamed gut.
The E. coli genome harbors two DMSO reductases encoded by the dmsABC and ynfFGH operons, and three TMAO reductases encoded by the torCAD, torYZ, and yedYZ operons (Blattner et al., 1997) (Fig. S1F) . We therefore generated a mutant of EcN carrying non-polar unmarked deletions in narG napA narZ torA torZ yedY dmsA and ynfF (Δ8 mutant). In vitro, this mutant did not display a generalized growth defect when cultured aerobically or anaerobically in minimal media ( Fig. S4B and C) . Consistent with the known functions of anaerobic respiratory enzymes (reviewed in (Unden et al., 2014) ), the EcN WT outcompeted the Δ8 mutant during anaerobic growth when alternative electron acceptors were added to the media (Fig. S4D ). In the DSS colitis model, the competitive disadvantage of the Δ8 mutant was comparable to the ΔnarG ΔnarZ ΔnapA mutant ( Fig. 3A and S4A ), suggesting that TMAO and DMSO respiration might be dispensable for fitness in this particular animal model of colitis. Reduction of nitrite by the MoCo-independent Nrf enzyme did not provide a significant fitness advantage in this model (Δ8 nrfA mutant). Furthermore, the Δ8 mutant outcompeted the ΔmoaA mutant (7-fold; Fig. 3A and S4A ), prompting us to investigate MoCo-dependent enzymes other than terminal reductases.
Respiratory formate dehydrogenases enhance fitness of E. coli in the inflamed intestine E. coli produces three MoCo-dependent formate dehydrogenases: formate dehydrogenase-N (FDN), formate dehydrogenase-O (FDO), and formate dehydrogenase-H, encoded by fdnGHI, fdoGHI, and fdhF, respectively . FDN and FDO convert formate to CO 2 and 2 protons; the electrons liberated from this reaction are shuttled to the respiratory chain (Ruiz-Herrera et al., 1969; Scott and DeMoss, 1976; Wrigley and Linnane, 1961) . In contrast, formate dehydrogenase-H is part of the fermentative formate hydrogenlyase complex (Tasman and Pot, 1935) and was excluded from further analysis. To test whether FDN and FDO support E. coli growth in the inflamed gut, we introduced mutations in the major subunits of FDN and FDO in the Δ8 mutant. This Δ8 ΔfdnG fdoG mutant was outcompeted by the EcN WT in the DSS colitis model (Fig. 3A, Fig. S4A ), recapitulating the phenotype of the ΔmoaA mutant. Furthermore, in a separate competition experiment, the ΔmoaA mutant and the Δ8 ΔfdnG fdoG mutant were recovered in comparable numbers. This data suggested that formate dehydrogenases enhance fitness of E. coli during DSS-induced colitis.
Next, we re-analyzed our metagenomics experiment to specifically determine whether increased abundance of formate dehydrogenase operons correlated with gut inflammation. Sequencing reads were mapped to representative fdoGHI and fdnGHI operons (Fig. 3B ).
Virtually no reads mapped to the formate dehydrogenase operons in mock-treated mice. In contrast, a significant portion of the reads mapped to these operons in DSS-treated animals.
To directly test the idea that formate dehydrogenases promote fitness of E. coli in the inflamed gut, we generated an EcN mutant lacking FDN and FDO activity (ΔfdnG fdoG mutant). This strain was unable to utilize formate in vitro ( Fig. S5A and B ). In the DSS colitis model, the EcN WT was recovered in higher numbers from the cecum and colon than the ΔfdnG fdoG mutant (~4-fold; Fig. 4A and S5C). The phenotype of the ΔfdnG fdoG mutant was fully recapitulated by a mutant lacking only FDN (ΔfdnG mutant), while FDO activity was dispensable. To exclude the possibility that formate utilization is a unique property of EcN, we analyzed the lab-adapted E. coli strain K-12 as well as the Adherent Invasive E. coli strain (AIEC) NRG857c (Eaves-Pyles et al., 2008) originally isolated from an IBD patient (Fig. 4A, S5C and S5D) . No strain-specific effects on the induction of mucosal inflammation were noted as determined by the pro-inflammatory marker Tnfa ( Fig.   4B ), a major mediator of disease in IBD patients (Baumgart and Sandborn, 2012) . Akin to the findings with EcN, formate dehydrogenases, in particular FDN, enhanced fitness of these human E. coli strains in the DSS colitis model ( Fig. 4A and S5C ).
Next, we analyzed formate utilization in the murine commensal SL1 in the colon and cecum lumen (Fig. 4C , S1C, and S6A-C). In the absence of inflammation, colonization of the large intestine by SL1 was moderate ( Fig. S6A ) and formate dehydrogenase activity conferred a minimal competitive growth advantage (Fig. 4C, S6A and B). In contrast, SL1 colonized the colon in large numbers in the DSS colitis model (Fig. S6A ) and the SL1 WT outcompeted the formate dehydrogenase-deficient mutant (8-fold in the colon content; Fig. 4C and S6A). This effect was independent of the inoculum size (Fig. S7A ).
DSS-induced colitis is a model of epithelial injury. To determine whether E. coli relies on formate oxidation in other models of colitis, we performed competitive colonization experiments in a genetic model of colitis. Mice deficient for the anti-inflammatory cytokine IL-10 (encoded by Il10) spontaneously develop colitis, a process that can be accelerated by oral administration of piroxicam (Berg et al., 2002) . Piroxicam-treated, Il10-deficient C57BL/6 mice were intragastrically inoculated with an equal mixture of the SL1 WT and the ΔfdnG ΔfdoG mutant. After one week, markers of inflammation were markedly elevated (Fig. S6C ) and the SL1 WT outcompeted the formate dehydrogenase-deficient mutant ( Fig.  4C and S6B ). Similar results were obtained using piroxicam-treated, Il10-deficient BALB/c mice (Fig. 4C, S6B and C) . Furthermore, the AIEC NRG857c WT outcompeted the formate oxidation-deficient mutant in piroxicam-treated, Il10-deficient C57BL/6 mice ( Fig. S6D and   E) . We also analyzed a T cell transfer model of colitis (Fig. S1D) . After development of intestinal inflammation, animals were colonized with an equal mixture of the murine commensal E. coli SL1 WT and an isogenic ΔfdnG ΔfdoG mutant. After nine days, Nos2 and Tnfa mRNA levels were significantly increased compared to control C57BL/6 animals ( Fig. S6C ). Most importantly, the WT outcompeted the formate oxidation-deficient mutant ( Fig. 4C and S6B ). Collectively, these experiments demonstrate that formate dehydrogenases provide a fitness advantage to E. coli in the inflamed gut.
Formate oxidation contributes to the expansion of E. coli during inflammation-associated dysbiosis
While the design of the previous experiments (inoculation with indicator strains after onset of colitis) allowed us to study the role of metabolic pathways in an inflammatory environment, we next sought a more relevant experimental setting in which animals are colonized with E. coli indicator strains prior to the induction of inflammation. Animals, intragastrically inoculated with an equal mixture of the EcN WT and the ΔfdnG fdoG mutant, received DSS in the drinking water for 8 days followed by one day of normal drinking water to remove DSS contamination from tissue samples (Fig. S1C) . The EcN WT was recovered at significantly higher numbers than the formate dehydrogenase-deficient mutant from the colon (competitive index of 55-fold) and cecum (51-fold) (Fig. 5A ). To test whether formate oxidation would also enhance fitness of E. coli in competition with the native microbiota, we intragastrically inoculated two groups of mice with the EcN WT and the ΔfdnG fdoG mutant, respectively . Inflammation was induced to a similar extent in both groups (Fig. 5B-D) . The WT colonized the colon and cecum lumen at high numbers, while the ΔfdnG fdoG mutant was defective for efficient colonization of the intestinal lumen ( Fig. 5E and S7B ), indicating that formate oxidation contributes to fitness of E. coli during episodes of inflammation.
Formate in the gut lumen is microbiota-derived
Formate is a common microbial fermentation end product (Patel et al., 2014; Ragsdale, 2003; Sawers and Clark, 2004) . To test whether formate is indeed derived from the gut microbiota, we performed a competition experiment with the EcN WT and the formate dehydrogenase-deficient mutant in DSS-treated, gnotobiotic Swiss-Webster mice. DSS treatment induced mucosal inflammation to a similar extent as in conventional C57BL/6 mice ( Fig. 4B, 5D , 6A, S6C). Consistent with the idea that the microbiota is a major producer of formate, the ability to utilize formate was dispensable for E. coli to colonize the colon of DSS-treated (ex-)germ-free mice ( Fig. 6B and S7C ).
Conversion of pyruvate to acetyl-CoA by pyruvate formate lyase liberates formate. Pyruvate formate lyase is expressed by a wide range of microorganisms, including Bacteroides species. Mono-association of germ-free mice with B. thetaiotaomicron, a prototypical Bacteroides species, was sufficient to restore formate oxidation in E. coli (Fig. 6B S1E, and   S7C ). Similarly, transfer of the intestinal microbiota from conventionally-raised mice to germ-free Swiss-Webster mice restored the phenotype of the ΔfdnG fdoG mutant (Fig. 6B and S7C). Taken together, these experiments indicate that formate is present during episodes of inflammation is derived from the gut microbiota.
Concentration of formate is increased during inflammation
To determine the concentration of extracellular formate in the gut lumen, we measured formate concentrations in the colon content of mock-treated and DSS-treated mice by GC/MS 7 days after the start of the DSS treatment (Fig. 6C, 6D, S7D and E). The concentration of formate in the extracellular environment of the gut lumen was increased significantly during DSS treatment compared to mock-treated mice (Fig. 6D) . As a control, we determined that the extraction method did not result in the lysis of commensal bacteria (Fig. S7D) . Formate levels were significantly lower in mock-or DSS-treated germ-free mice compared to conventionally reared animals (Fig. 6D) , indicating that the majority of formate is of microbial origin.
Terminal oxidase activity is required for formate oxidation in vivo
Due to its oxidation to CO 2 , formate is a poor carbon source for Enterobacteriaceae (Gutnick et al., 1969) , as it would require subsequent carbon fixation of CO 2 . Therefore, the physiological importance of formate oxidation in Enterobacteriaceae likely results from the use of formate as an electron donor for the electron transport chain. This raises the question as to what electron acceptor is used for formate oxidation in vivo. In principle, E. coli can utilize several terminal electron acceptors, including oxygen, nitrate, S-oxides, N-oxides, nitrite, and fumarate in vitro (Unden et al., 2014) . Our data indicate that nitrate respiration occurs in the inflamed gut (Winter et al., 2013b) (Fig. 3A) . We thus asked whether formate oxidation could provide a fitness advantage in the absence of nitrate respiration and performed a competitive colonization experiment in the DSS colitis model with a nitrate reductase-deficient strain (NR mutant) and a mutant lacking both nitrate reductase and formate dehydrogenase activity (NR ΔfdnG fdoG mutant) ( Fig. 7A and S7F ). The phenotype of formate oxidation was recapitulated in the absence of nitrate reductase activity, suggesting that nitrate is unlikely to be the electron acceptor for formate in vivo. S-oxides, N-oxides and nitrite reduction did not appear to enhance colonization (Fig. 3A) and were not further investigated. The E. coli genome is predicted to encode three terminal oxidases for oxygen respiration. The cytochrome bo 3 ubiquinol oxidase CyoABCDE is only active during highly oxygenated conditions while the cyxAB genes, predicted to encode a cytochrome bd oxidase, are cryptic. We therefore focused our attention on the cytochrome bd oxidase CydAB, which is expressed under microaerobic conditions. We generated a mutant lacking the major subunit (ΔcydA mutant) as well as a mutant lacking both CydAB and formate dehydrogenase activity (ΔcydA ΔfdnG fdoG mutant). In the DSS colitis model, both strains were recovered at an equal ratio ( Fig. 7A and S7F) , suggesting that terminal oxidase activity is required for formate oxidation in vivo. Mirroring these findings, formate oxidation provided a fitness advantage under microaerobic conditions in vitro (Fig. S5A) . In the absence of CydAB, the fitness advantage conferred by formate oxidation was negated compared to the competition experiment with the WT and the fdoG fdnG mutant. This result suggested that aerobic respiration is required for formate oxidation under microaerobic conditions in vitro. Curiously, nitrate was required for enabling formate oxidation under microaerobic conditions. Nitrate induces FDN expression in E. coli K-12 (Abaibou et al., 1995; Berg and Stewart, 1990; Wang and Gunsalus, 2003) and EcN in vitro (Fig. S5E) .
Thus, nitrate stimulates full formate dehydrogenase activity under microaerobic conditions.
The respiratory cytochrome bd oxidase CydAB is required for colonization during DSSinduced colitis
The finding that formate dehydrogenases are linked to oxygen respiration raises the possibility that changes in oxygen availability may play a role in shaping gut microbial communities during inflammation. Consistent with this notion, our metagenomics analysis had revealed an additional signature of microbial dysbiosis, i.e. oxygen respiration through terminal oxidases (Fig. 1C and S2) . Mapping of metagenomics sequence reads to representative terminal oxidase operons confirmed that genes encoding terminal oxidases were indeed enriched in the microbiome of DSS-treated animals (Fig. 7B) .
To investigate whether oxygen respiration would indeed confer a fitness advantage to facultative anaerobic bacteria, we determined the contribution of terminal oxidases to fitness of E. coli in the DSS colitis model through a competition experiment. In the absence of inflammation, the EcN WT and the cydAB mutant colonized the cecum and colon content at low, but comparable levels ( Fig. 7C and D) . When inflammation was induced (DSS), the EcN WT was recovered at high numbers while the ΔcydAB mutant colonized poorly, suggesting that the cytochrome bd-oxidase CydAB is required for the expansion of the E. coli population during DSS-induced inflammation. The CyoABCDE enzyme was not required as the ΔcyoABCDE mutant colonized the cecum and colon content at levels comparable to the WT.
DISCUSSION
Intestinal inflammation is associated with gut microbiota dysbiosis that favors an expansion of the Enterobacteriaceae population, however the mechanisms underlying these phylumlevel changes remain poorly characterized. Here, we performed a metagenomic analysis to identify microbial genes that are enriched in cecal microbial communities during inflammation and to discover pathways that contribute to bacterial dysbiosis. Our results identify MoCo-dependent enzymes as well as components of the aerobic respiratory chain as signatures of inflammation-associated dysbiosis in the murine cecum. The murine cecum and colon are distinct sites with different microbial ecologies. To validate our findings from the metagenomic sequencing analysis, we determined the contribution of select metabolic pathways, i.e. formate oxidation and oxygen respiration, to colonization of the cecum and colon using bacterial model organisms. Inactivation of MoCo biosynthesis in members of the Enterobacteriaceae family such as E. coli, K. oxytoca, and E. cloacae resulted in decreased fitness in the inflamed gut (Fig. 2) , suggesting that MoCo-dependent enzymes are required for the bloom of the Enterobacteriaceae population during bouts of inflammation.
Previous work had established a mechanism by which bacterial nitrate respiration, a MoCodependent process, enhances luminal growth of E. coli in animal models of colitis (Winter et al., 2013b) . Our metagenomic analysis also suggested that in addition to nitrate reduction, other MoCo-dependent enzymes such as formate dehydrogenases, are associated with bacterial dysbiosis and might facilitate changes in the composition of the microbiota. By focusing on commensal E. coli strains, we found that formate oxidation by the FDN enzyme enhances fitness and colonization of the intestinal lumen. The ability to utilize formate is widespread between Enterobacteriaceae family members, but other bacterial phyla express formate dehydrogenases. For example, members of the phylum Verrucomicrobia are predicted to encode formate dehydrogenases (Hou et al., 2008) , which may explain the occasional expansion of this population during colitis (Fig. 1A) (Nagalingam et al., 2011) . Methanogenic archaea found in the human colon have been shown to utilize formate during normal gut colonization (Samuel and Gordon, 2006) . The ability to utilize formate is necessary for E. coli to colonize the inflamed gut since mutants lacking formate dehydrogenase genes are defective for efficient gut colonization (Fig. 4) . These considerations suggest that formate oxidation contributes to the inflammation-associated bloom of Enterobacteriaceae, however, it is not a sufficient property since not all microorganisms capable of utilizing formate bloom during inflammation. Also, the Enterobacteriaceae population in our DSS colitis model expands by about 6 orders of magnitude, while the contribution of MoCo-dependent processes is about 2 orders of magnitude ( Fig. 2B and C) . In addition to nitrate respiration and formate oxidation other unknown factors likely contribute to the inflammation-associated bloom of Enterobacteriaceae.
In Enterobacteriaceae, FDN and FDO enable the use of formate as an electron donor for the electron transport chain . Curiously, our experiments suggest that oxygen is the electron acceptor for formate oxidation (Fig. 7A ) and the high-affinity cytochrome bd-oxidase CydAB is required for colonization during DSS-induced colitis. These results suggest that oxygen enters the otherwise anaerobic gut lumen during episodes of inflammation. Previous studies have revealed that the metabolism of mature colonocytes has a significant impact on the availability of molecular oxygen at the gut mucosal surface. Under homeostatic conditions, mature colonocytes utilize microbiota-derived butyrate as the primary carbon source through β-oxidation, thus depleting oxygen levels at the mucosal interface and generating an anaerobic environment in the gut lumen (Kelly et al., 2015; Rivera-Chavez et al., 2016) . Induction of inflammation, either by administration of DSS or infection with an enteric pathogen, impairs the ability of the large intestinal epithelium to perform β-oxidation (Ahmed et al., 2012; Kelly et al., 2015; Lopez et al., 2016; RiveraChavez et al., 2016) . Consequently, oxygen is predicted to diffuse in the gut lumen. Increased availability of oxygen in the gut lumen has been reported to promote colonization with facultative anaerobic enteric pathogens Rivera-Chavez et al., 2016) . Thus, it is plausible that the oxygen tension in the gut lumen rises during non-infectious colitis, an idea termed "oxygen hypothesis" (Rigottier-Gois, 2013) . Our data in the DSS colitis model provide experimental support for this hypothesis since formate oxidation by E. coli requires respiration and respiratory genes are required for efficient gut colonization (Fig.   7) . Furthermore, genes encoding terminal oxidases were enriched in microbial communities in the DSS colitis model (Fig. 1) .
The ability to break down pyruvate to formate and acetyl-CoA is highly conserved and present in virtually all major phylogenetic groups of the gut microbiota, including Bacteroides and Clostridia (Lehtio and Goldman, 2004; Thauer et al., 1972) . In our experiments, induction of inflammation by DSS resulted in a moderate increase in luminal formate levels (Fig. 6C) . Since formate is available during homeostasis, it is possible that the increased availability of oxygen may enable E. coli to access the formate pool and utilize this energetically valuable electron donor during inflammation.
FDN is thought to form a respiratory module with nitrate respiration in vitro while the electron acceptor for formate dehydrogenase-O is thought to be oxygen. This effect is likely due to gene regulation since FDO is expressed constitutively at low levels and FDN expression is induced by exogenous formate and nitrate (Abaibou et al., 1995; Berg and Stewart, 1990; Wang and Gunsalus, 2003) (Fig. S5E) . Our results from the DSS colitis model indicate that E. coli predominantly relies on the FDN enzyme with oxygen likely serving as the terminal electron acceptor. It is tempting to speculate that inflammation-derived nitrate (Winter et al., 2013b) induces the expression of FDN, thus making the FDN enzyme the predominant formate dehydrogenase in this environment. Consistent with this idea, addition of nitrate to the culture media enhanced oxygen-dependent formate oxidation under microaerobic conditions in vitro (Fig. S5A) .
We conclude that formate oxidation and oxygen respiration represent metabolic signatures of gut microbiota dysbiosis. Furthermore, formate oxidation, in conjunction with respiration, constitutes a mechanism for Enterobacteriaceae outgrowth during inflammation-associated dysbiosis.
EXPERIMENTAL PROCEDURES
Bacterial strains
The bacterial strains used in this study, strain construction procedures, growth medium details, and methods of isolation of commensal Enterobacteriaceae are listed in Supplemental Experimental Procedures.
Mouse experiments
Male and female 6-12 week old wild-type (WT) C57BL/6, WT Swiss Webster, Il10 knockout (KO) C57BL/6, Il10 KO BALB/c and Rag1 KO C57BL/6 mice were used. Mice were specific pathogen free or germ-free. Colitis was induced with 2 % or 3 % dextran sulfate sodium (DSS; Alfa Aesar) (Winter et al., 2013b) . Il10 KO mice were fed Piroxicam chow (50 ppm or 100 ppm; Teklad custom research diets, Envigo). Mice which were not colonized were excluded from analysis. Rag1 KO mice were injected intraperitoneally with naïve T cells from spleens of C57BL/6 mice. At the indicated time points, mice received the indicated strains by intragastric gavage.
Metagenomics
Genomic DNA from cecal content was isolated using the PowerFecal DNA Isolation kit (MoBio). A blastX database was created in DIAMOND (Buchfink et al., 2015) . Taxonomic comparisons were performed in MEtaGenome ANalyzer version 5 (Huson et al., 2007) . Metabolic pathway analysis was performed by comparing the blastx results to the KEGG and SEED databases. To map reads to bacterial metabolic genes, the Enterobacteriaceae operons of interest were downloaded from KEGG and reads mapped to gene clusters using the BBmap tool.
Histopathology
Fomalin-fixed tissue was embedded in paraffin and stained with hematoxylin and eosin. The samples were blinded and scored as described in Supplemental table 4.
Quantitative real-time PCR
RNA was extracted via the TRI reagent method (Molecular Research Center), mRNA purified with NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs), and then cDNA synthesized with TaqMan reverse transcription reagents (Life Technologies). qPCR was performed in a QuantStudio 6 Flex Instrument (Life Technologies) with SYBR Green (Life Technologies), using primers listed in Supplemental Table 4 .
Measurement of formate concentrations
Colon content was supplemented with deuterated sodium formate (Sigma-Aldrich). Sodium formate (Sigma-Aldrich) supplemented with deuterated sodium formate was used for standards. Ethyl acetate extracts of formic acid were derivatized prior to GC-MS analysis (Shimadzu, TQ8040)).
In vitro experiments
Competition assays were performed with E. coli (1×10 3 CFU/mL starting concentration) in mucin broth with exogenous compounds under microaerobic, aerobic or anaerobic conditions for 18 h or 16 h at 37 °C. Growth curves were performed aerobically or anaerobically at 37 #x000B0;C in M9 medium, with a starting concentration of 1×10 8 CFU/mL E. coli. For the nitrate reductase assays, bacterial cultures supplemented with sodium nitrate were incubated at 37 °C 2 hours before reading the OD 600 . Marshall's reagent was incubated with the cultures for 10 minutes. OD 420 and OD 540 were measured (BioTek) and nitrate reductase activities calculated: NR Activity = (OD 540 -0.72×OD 420 )/ (0.06×120×OD 600 ).
Statistical analysis
Differences between groups were analyzed by unpaired Student's t-test, unless stated otherwise. P values of less than 0.05 were considered statistically significant. Fold changes in mRNA levels, bacterial loads, competitive indices, and formate concentrations underwent natural logarithmic transformations prior to statistical analysis.
Ethics statement
All mouse experiments were reviewed and approved by the Institutional Animal Care and Use Committee at UT Southwestern Medical Center (APN# 2013 (APN# -0159, 2016 (APN# -101681, and 2015 .
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
HIGHLIGHTS
Genes encoding respiratory pathways are overrepresented in the dysbiotic microbiome Utilization of microbiota-derived formate enhances E. coli fitness in the inflamed gut Groups of specific pathogen free (SPF) mice (N = 6 per group) were treated with 3 % dextran sulfate sodium (DSS) in the drinking water for 9 days or mock-treated. DNA, extracted from cecal content, was subjected to shotgun metagenomic sequencing. (A) Phylogenetic composition of the gut microbiota at the phylum level. (B) Percent of total reads corresponding to the taxonomic groups Clostridia (class), Bacteroidia (class), and Enterobacteriaceae (family). Each dot represents one animal. Lines represent the geometric mean ± standard deviation. ns, not statistically significant; **, P < 0.01 (C) Enrichment of pathways related to molybdopterin-cofactor biosynthesis and the electron transport chain in DSS-treated (red) compared to mock-treated mice (green). The size of the circle chart is proportional to the combined number of reads for all animals. Each slice represents one animal with the arc length being a measure of the number of reads from each mouse (see also Figure S2 ). (A-B) SPF C57BL/6 mice, treated with 3 % DSS for 4 days, were intragastrically inoculated with an equal mixture of the indicated E. coli wild-type (WT) strains and isogenic mutants.
(A) Competitive index in the colon content five days after inoculation (see also Figure S5C ). (B) mRNA levels of Tnfa in the colon tissue were determined by RT-qPCR. (C) Competitive index in the colon content. SPF mice with different models of murine colitis were intragastrically inoculated with a mouse commensal E. coli strain (SL1). Mice received an equal mixture of WT and the isogenic ΔfdnG ΔfdoG mutant. Wild-type C57BL/6 mice were mock-or DSS-treated (2 %) and colonized for 9 days. Il10 knockout (KO) C57BL/6 mice were treated with piroxicam 2 days prior to colonization and colonized for 7 days. Rag1 KO mice on a C57BL/6 background received a T cell transfer, and after developing signs of inflammation were colonized for 9 days (see also Figure S6A and B). Il10 KO BALB/c mice were treated with piroxicam 2 days prior to colonization and were colonized for 14 days (gray bar). Bars represent geometric means ± standard error. The number of mice per group (N) is indicated in each panel. *, P < 0.05, **, P < 0.01; ***, P < 0.001; ns, not statistically significant. Conventionally raised SPF and germ-free C57BL/6 mice were treated with 2 % DSS or mock-treated for 7 days. (C) mRNA levels of the pro-inflammatory markers (Tnfa, black bars; Nos2, white bars; Cxcl2; gray bars) as determined by RT-qPCR. (D) Extracellular formate levels in the lumen of the colon as determined by GC/MS. Bars represent geometric means ± standard error. The number of mice per group N) is indicated above each bar. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not statistically significant. 
